Introduction
Castleman disease (CD), otherwise known as angiofollicular lymph node hyperplasia, was first reported in 1954 by Benjamin Castleman, who described a 40-year-old male with a mediastinal mass characterized histologically by lymph node hyperplasia and follicles with small, hyalinized foci.
1 Subsequent contributions to the literature have delineated CD as a heterogeneous cluster of disorders, with distinct unicentric CD (UCD) and multicentric CD (MCD) subtypes, and identified the fundamental roles of human herpesvirus-8 (HHV-8) and interleukin-6 (IL-6) in a significant proportion of cases. These advances have paved the way for the introduction of novel targeted therapies into the CD armamentarium, particularly monoclonal antibodies directed against IL-6 and its receptor. In this paper, we review the current understanding of CD classification and pathophysiology, summarize current and emerging therapeutic strategies, and outline potential avenues for future research.
Etiology and pathogenesis
Despite notable advances over the past 20 years, the overall understanding of the etiology and pathogenesis of CD remains limited. MCD may be subdivided by HHV-8 status, because all cases of HHV-8-related MCD appear to be a unified clinicopathological entity with consistent clinical features and outcomes, irrespective of HIV status. 10 As all HIV-positive MCD cases are strongly associated with HHV-8 infection, 6, 11, 13 the distinct phenomenon of HIV-and HHV-8-negative MCD has been termed "idiopathic MCD", reflecting the paucity of knowledge regarding its pathophysiology.
14 UCD is not typically associated with HIV or HHV-8 infection. Nevertheless, the discovery of the link to HHV-8 and the causal role of IL-6 have provided valuable insights into CD pathophysiology and formed a foundation for development of new treatment strategies and ongoing research.
HHV-8 in MCD and other associated disorders
HHV-8, or Kaposi's sarcoma-associated herpesvirus, is a gamma herpesvirus that was first identified in 1994 from biopsy samples of cutaneous Kaposi's sarcoma. 15 Since that time, it has also been strongly implicated in the pathogenesis of acquired immunodeficiency syndrome-related primary effusion lymphoma, 16, 17 as well as a subset of MCD cases. HHV-8 has the capacity to infect many different cell types, including B-lymphocytes, macrophages, and endothelial cells; 18 given that Kaposi's sarcoma is of endothelial origin 19 while primary effusion lymphoma and MCD are B-cell lymphoproliferative disorders, it is probable that the type of HHV-8-infected cell (as well as the presence or absence of other potential contributory factors, such as HIV coinfection) determines the spectrum of disease that manifests. In MCD, it appears that HHV-8 appears to preferentially infect IgMpositive memory B-cells, inducing their proliferation and differentiation into the characteristic plasmablast phenotype observed. 20 To date, it remains uncertain what exactly influences this process in MCD compared to other HHV-8-associated B-cell lymphoproliferative disorders, where varying extents of lymphoplasmacytic differentiation are seen.
Akin to other gamma herpesviruses, HHV-8 undergoes latent and lytic phases in its replication cycle -in the latent phase, gene expression is highly restricted, whereas in the lytic phase, gene expression is upregulated and viral replication is enabled. 21 In both latent and lytic phases, a recurring theme is the distinctive ability of HHV-8 to produce viral homologs of endogenous human regulatory proteins, facilitating a variety of functions, including viral persistence, inhibition of apoptosis, and cytokine generation. 18 The pathogenic contribution of IL-6
One of the earliest links between IL-6 and CD was the demonstration that the site of excess IL-6 production in CD patients was within the germinal centers of involved lymph nodes. 22 Following lymph node resection in a patient with UCD, there was a correlation between the reduction in patient symptoms and the fall in serum IL-6, acute phase reactants such as C-reactive protein (CRP) and hypergammaglobulinemia.
Further data supporting this association came from separate experiments involving transgenic mice constitutively expressing murine IL-6 23 and viral IL-6 (vIL-6), 24 both of which developed an MCD-like syndrome comprising splenomegaly, multifocal lymphadenopathy, hypergammaglobulinemia, and plasmacytosis. However, when the experiment involving vIL-6 was replicated in a murine IL-6 knockout model, the features of MCD did not develop, implying that endogenous IL-6 plays a vital role in the pathogenesis of HHV-8-associated MCD.
The need for endogenous IL-6 may be explained by the greater relative potency of human IL-6 (hIL-6) compared to vIL-6. 25 Overproduction of hIL-6 may occur via activation of the nuclear factor kappa B pathway, 26 as well as HHV-8 latency-associated nuclear antigen (LANA)-mediated upregulation of IL-6 transcription. 27 vIL-6 has also been shown to induce hIL-6 production in a variety of cell lines, including those from MCD patients, 28 and promotes the secretion of vascular endothelial growth factor (VEGF), resulting in angiogenesis. 29 This may contribute to the prominent capillary proliferation that is a histological characteristic of the hyaline vascular subtype of CD. Nevertheless, despite the 
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Treatment of Castleman disease greater potency of hIL-6, Polizzotto et al 30 demonstrated that hIL-6 and vIL-6 can independently or jointly lead to clinical flares of HHV-8-associated MCD. Furthermore, flares were more severe when levels of hIL-6 and vIL-6 were concurrently elevated, suggesting that both human and viral cytokines contribute to disease severity.
The anemia that is commonly seen in MCD appears to be mediated by IL-6-driven hepcidin overproduction, based on a report of anti-IL-6 monoclonal antibody administration to two CD patients with anemia and elevated serum hepcidin levels, which resulted in a rapid decline in hepcidin levels and correction of anemia. 31 Anti-IL-6 monoclonal antibody therapy also effectively abolishes CRP production in vivo, establishing it as a convenient marker of IL-6 bioactivity and facilitating monitoring of pharmacodynamic effects.
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Clinical manifestations
The majority of patients with UCD present with isolated lymphadenopathy and may therefore be asymptomatic or have symptoms relating to mass effects on surrounding structures. From a systematic case review including 278 patients with UCD, the mean size of involved lymph nodes at baseline was 5.5 cm, compared to 3.8 cm for MCD cases. 33 In this series, the main sites of disease were the chest (29%), neck (23%), abdomen (21%), and retroperitoneum (17%), though other lymph node groups (axillary, inguinal) and the pelvis were also potential sites of involvement.
Systemic symptoms are a common feature of MCD, in keeping with the elevated cytokine levels that are a key driver in its pathogenesis. These include traditional "B" symptoms such as fever, night sweats, and weight loss, as well as generalized lymphadenopathy and hepatosplenomegaly. More severe disease phenotypes include a severe, inflammatory vascular leak syndrome where patients may develop ascites, pericardial effusions, pleural effusions, and/or peripheral edema. 5 Hematological associations include anemia driven by IL-6 or secondary to autoimmune hemolysis, immune thrombocytopenia, 34 and acquired factor VIII deficiency. 35 Bronchiolitis obliterans, 5 glomerulonephritis, 9 and pemphigus have also been reported, with the presence of pemphigus associated with an unfavorable prognosis. 9 MCD may be seen in association with the POEMS syndrome, which comprises polyneuropathy, organomegaly, endocrinopathy, monoclonal protein, and skin changes. 36 A clinicopathological variant of CD has also recently been reported in Japan, characterized by low-volume lymphadenopathy with CD histology (usually mixed-type or, less commonly, the hyaline vascular variant) in association with thrombocytopenia, ascites, myelofibrosis, renal dysfunction, and organomegaly, termed the TAFRO syndrome.
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Diagnosis
Given the rarity of CD and the typically nonspecific nature of symptoms, a high index of suspicion is required in patients presenting with a compatible clinical picture, such as unifocal or generalized lymphadenopathy, splenomegaly, and/or unexplained constitutional symptoms. Common laboratory findings include anemia, thrombocytopenia, hypoalbuminemia, polyclonal hypergammaglobulinemia, and elevation of acute phase reactants, such as CRP. Elevations in circulating cytokines such as IL-6 and VEGF may also be detectedalthough not essential for diagnosis, plasma VEGF levels can be useful in distinguishing and monitoring cases of CD associated with POEMS syndrome. 38 Imaging findings are nonspecific and may demonstrate lymphadenopathy and organomegaly, as well as other features of disease, such as sclerotic bony lesions or pulmonary infiltrates. 18F-fluorodeoxyglucose positron emission tomography scanning may have clinical utility in terms of identifying suitable biopsy targets, tracking disease activity, and monitoring response to treatment. [39] [40] [41] The diagnosis of CD is made on analysis of involved lymph node tissue, showing classic histological features as described. Excisional lymph node biopsy is preferred for diagnosis, particularly if the patient appears to have UCD. Immunohistochemical staining for LANA or polymerase chain reaction testing can be used to detect the presence of HHV-8 within lymph node sections. Detection of plasma HHV-8 viral DNA is not helpful because the test is not specific 18 and will be negative in idiopathic cases. Histological confirmation therefore remains essential.
Pathological subtypes
CD is principally distinguished by the presence of localized or generalized lymphadenopathy, designated UCD and MCD, respectively. CD may also be classified according to specific histological features, as well as the presence or absence of viral coinfection.
Histological variants
1. The hyaline vascular variant, which was described in Castleman's original reports, 1, 42 usually presents as a unicentric lesion, often thoracic, involving a single lymph node or group of nodes. The histological pattern is usually diagnostic. Typically, there are multiple tight aggregates of follicular dendritic cells (FDCs) or atrophic follicles, often with radially penetrating vessels, contained within expanded circumscribed clusters of mantle zone lymphocytes. The lymphocytes often form concentric "onion skin" layers around the dendritic cells. The vascular pattern between the small lymphoid nodules is also typically prominent, and perivascular hyalinization may be a feature ( Figure 1) . FDC atypia or "dysplasia" is not uncommon. There is an association between this form of the disease, various vascular tumors, and dendritic cell proliferations, such as dendritic cell sarcomas. 2. The plasma cell variants of CD (PCCD) are less welldefined histologically, and often the diagnosis is one of exclusion. It is more commonly multicentric than unicentric and is often associated with constitutional symptoms, cytopenias, hypergammaglobulinemia, splenomegaly, and increased IL-6 levels. The lymph nodes usually show preserved architecture, variable follicular hyperplasia, and marked paracortical plasmacytosis 43 ( Figure 2 ). The FDC meshworks are usually preserved, and FDC atypia is not a feature. The vascular pattern is often unremarkable, although a subset of patients may show some hyaline vascular changes (the so-called "mixed" pattern). Unfortunately, the histological features of PCCD may be replicated in a variety of reactive, inflammatory, and infective conditions, including HIV-associated lymphadenopathy and other immunodeficiencies, autoimmune diseases (in particular, rheumatoid arthritis), and IgG4-related lymphadenopathy. Some B-cell lymphomas and plasmacytic tumors may also cause confusion. 3. A proportion of the multicentric PCCD cases are associated with HIV infection, and virtually all of these are HHV-8-positive. HHV-8 has also been demonstrated in a significant number of the HIV-negative multicentric PCCD cases. The latter group of patients are often from areas with endemic HHV-8 infection. The term "plasmablastic variant" has been used for these HHV-8-associated cases, identifying the distinctive IgM-positive "plasmablasts" present in the expanded mantle zones in involved lymph nodes. However, the immunophenotype of these cells is not truly plasmablastic, as they may be positive for CD20, and CD138 is often negative. They are usually lambda light chain restricted and positive for HHV-8 antigen, but polyclonal on molecular testing. There is a significant risk of progression of these HHV-8-associated cases to an unusual form of diffuse large B-cell lymphoma (WHO designation -large B-cell lymphoma arising in HHV-8-associated MCD). These tumors are also IgM and lambda light chain positive. 44, 45 Due to the inherent complexities, diagnosing CD (and excluding potential alternative processes) requires careful assessment of clinical, biochemical, radiographic, and histological features. Table 1 summarizes the different subtypes of CD discussed earlier, as well as notable disease associations and important differential diagnoses that need to be considered, particularly if patients do not respond as anticipated to treatment.
Overview of current therapeutic strategies and outcomes Unicentric Castleman disease
Complete surgical resection is curative for UCD, leading to excellent long-term outcomes with 10-year overall survival rates in excess of 95%. 33 If this is not feasible, the optimal treatment strategy is not well-defined. Debulking surgery should be considered, particularly if there are local symptoms at presentation or if there is a risk of compressing nearby critical structures. Systemic options (as used for MCD, detailed in the "Chemotherapy" section) may also be utilized, potentially facilitating a reduction in lymph node size to an extent, where subsequent resection is possible. 46 Although the available literature is confined to a small number of cases, [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] as summarized in Table 2 , radiotherapy appears to be a reasonable alternative treatment option in unresectable cases of UCD. Of the 17 identified patients that were treated with radiotherapy alone, the majority received 40-45 Gy (range 27-60), with six patients achieving complete response (CR, 35%) and seven achieving partial response (PR, 41%). After median follow-up of 20 months (range 5-175), three patients (18%) had died, though only one death was disease-related.
Multicentric Castleman disease
A range of systemic therapies have been utilized in MCD, including cytotoxic chemotherapy, antibodies directed against CD20 as well as IL-6 and its receptor, immunomodulators, bortezomib, and antiviral agents. While they all appear to have disease activity, the literature documenting their use is mainly confined to case reports or small series of patients, limiting overall assessment of efficacy and direct comparisons between regimens. • Low-dose single-agent chemotherapy, such as daily oral etoposide 59 or intermittent etoposide or vinblastine 13 these may facilitate symptom relief, but disease control tends to be lost rapidly after treatment cessation.
• Single-agent cladribine is efficacious 60, 61 and, from a report of two cases (one idiopathic, one HHV-8-related), can result in complete remission lasting up to 24 months. However, both patients in this report subsequently developed non-Hodgkin lymphoma, which was refractory to salvage chemotherapy. 61 • Combination chemotherapy, such as CHOP (cyclophosphamide, doxorubicin, vincristine, and prednisolone) or 
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Treatment of Castleman disease equivalent, 54, 62, 63 as summarized in Table 3 . From limited patient numbers (22) , these regimens have shown a reasonable rate of CR (eight patients, 36%), with the majority of patients alive (19, 86%) at an overall median follow-up of 38 months. Of note, in the study by Zhu et al, 63 all patients were HIV-negative, whereas the other two studies did not report HIV or HHV-8 status.
Rituximab
Rituximab, a humanized monoclonal antibody to CD20 (which is typically found on CD plasmablasts), has shown significant activity in HIV-positive and idiopathic MCD patients, when used either as monotherapy or in combination with chemotherapy. The strongest evidence to support its use is in the HIV-positive population, with single-agent rituximab achieving sustained remissions in the majority of patients (treated with four infusions of 375 mg/m 2 at weekly intervals) from two Phase II studies. In the first study of 24 patients by Gérard et al, 64 the overall survival rate was 92% at 1 year, with 71% in ongoing remission. In the second study of 21 patients by Bower et al, 65 the overall survival rate was 95% at 2 years, with 79% in ongoing remission. Toxicity was mild in both groups, with reactivation of Kaposi's sarcoma being the major adverse effect. A small study of three patients also demonstrated the efficacy of rituximab monotherapy in the idiopathic MCD cohort, with two patients achieving durable PR (with 16 and 40 months of follow-up) and the last patient having a significant decrease in inflammatory markers, maintained for over 10 months with subsequent chemotherapy. 66 Rituximab has also been combined with chemotherapy in the HIV-positive population, with the largest patient numbers receiving rituximab with intravenous etoposide or liposomal doxorubicin. In the first study of 14 patients by Bower et al 6 (rituximab and etoposide), the overall survival rate was 86% at 2 years, compared to 97% in their rituximab monotherapy cohort. In the second study of 17 patients by Uldrick et al 67 (rituximab and liposomal doxorubicin), the overall survival rate was 81% at 3 years, with 69% in ongoing remission.
From retrospective analyses, patients who received rituximab-containing regimens achieved superior CR rates and overall survival compared to patients who received nonrituximab-containing regimens, 68, 69 as well as a reduced risk of developing subsequent non-Hodgkin lymphoma. 69 Rituximab also had significant efficacy in the retreatment of relapsed HIV-associated MCD, 68 though the patient numbers in this subgroup were small. These data support the use of rituximab in MCD cases where anti-IL-6 therapy is not available; however, larger patient numbers and more mature follow-up data are required to ascertain if addition of chemotherapy improves outcomes compared to rituximab monotherapy.
Antiviral agents
Limited trials of antiviral agents in HIV-and HHV-8-associated MCD have been undertaken. One study by Uldrick et al 70 utilized high-dose zidovudine and valganciclovir in 14 patients, with 86% achieving major clinical response (defined as 50% or greater reduction in signs and symptoms) and 50% achieving major biochemical response (50% or greater improvement in disease-associated laboratory abnormalities). The median progression-free survival was 6 months, and the major toxicities were hematological, with five patients developing Grade 4 anemia and four patients developing Grade 4 neutropenia.
Ganciclovir has also been shown to induce clinical and virologic improvement in three patients, though one patient died from overwhelming fungal infection shortly after commencement and another patient had only short-term benefit. Based on these studies, it remains unclear how best to incorporate antiviral agents into MCD therapy. While hematological toxicity may prohibit the combination of high-dose zidovudine and valganciclovir, valganciclovir or ganciclovir could be combined with rituximab and/or chemotherapy, or used as maintenance therapy after more effective upfront regimens.
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Other
Corticosteroids may offer effective symptom relief but, as the duration of response is typically limited, their main role is in combination with chemotherapy (such as CHOP) or other MCD treatments. Case reports and small series of interferon α, [73] [74] [75] thalidomide, [76] [77] [78] [79] lenalidomide, 80 bortezomib, [81] [82] [83] [84] [85] and autologous stem cell transplantation [86] [87] [88] have also been published (Table 4) , providing grounds for larger trials of these therapies as well as supporting their potential use as salvage options in relapsed, refractory disease.
Emerging use of biologics Anti-IL-6 therapy
The advent of monoclonal antibody therapy targeting the IL-6 pathway has significantly impacted the treatment of patients with idiopathic MCD. Agents that have been studied include siltuximab, a chimeric monoclonal antibody to IL-6, and tocilizumab, a recombinant humanized monoclonal antibody that blocks the IL-6 receptor (Table 5) . Siltuximab has regulatory approval in the USA and Europe for the treatment of HIV-negative and HHV-8-negative MCD, while tocilizumab has approval for use in Japan. Access to these therapies is currently obtained through clinical use agreements in their respective countries.
Siltuximab
Siltuximab is a chimeric (human/murine) IgG1 monoclonal antibody that complexes with IL-6 and prevents it from binding to both soluble and membrane-bound IL-6 receptors. In the initial Phase I study by Kurzrock et al, 89 siltuximab was trialed in patients with non-Hodgkin lymphoma, multiple myeloma, and idiopathic MCD, with escalating dose cohorts ranging from 3 to 12 mg/kg every 2 weeks. A total of 37 MCD patients were enrolled, with 32 patients (86%) deriving clinical benefit response, defined as improvement (and no worsening of the remaining categories) in anemia, fatigue, fever or night sweats, increase in weight, and reduction of lymphadenopathy. Overall survival was 92% during a median follow-up period of 2.4 years.
In the follow-up Phase II randomized multicenter study by van Rhee et al, 90 79 idiopathic MCD patients were randomized in a 2:1 fashion to siltuximab (11 mg/kg every 3 weeks) or placebo. The primary endpoint was durable tumor and symptomatic response, defined as a complete or partial nodal response, as well as stabilization of disease-related symptoms for at least 18 weeks. A total of 18 patients (34% -1 CR, 17 PR) in the siltuximab arm achieved the primary endpoint, compared to 0% receiving placebo. Furthermore, 30 patients (57%) had a durable symptomatic response, compared to five patients (19%) in the placebo arm. The 1-year survival rate was 100% in the siltuximab group and 92% in the placebo group. In the extension study, 91 all 19 patients continued to receive siltuximab for up to 7 years, without evidence of cumulative toxicity or treatment discontinuation.
Siltuximab appears to be well-tolerated, with no doselimiting toxicities observed in its Phase I study. In the Phase II study, pruritus was the most common adverse event (42%), followed by upper respiratory tract infection (36%), fatigue (34%), maculopapular rash (34%), and peripheral edema (32%). Infusion reactions occurred in 8% of patients, with one being Grade 3 in severity (anaphylactic). Only one episode of sepsis was reported, which is notable given that patients on anti-IL-6 therapy may have delayed presentation with infection due to suppression of typical clinical features mediated by IL-6, such as fever or elevated inflammatory markers like CRP. 32 No treatment-related deaths occurred.
Tocilizumab
Unlike siltuximab, tocilizumab is a recombinant humanized IgG1 monoclonal antibody that attaches to soluble and membrane-bound IL-6 receptors, blocking IL-6 binding and downstream intracellular signaling. The major multicenter, open-label study of tocilizumab enrolled 28 patients, of whom 26 had idiopathic MCD and two were HIV-negative but positive for HHV-8. 92 All patients received 8 mg/kg of tocilizumab for 16 weeks, after which doses varied according to investigator discretion as part of a study extension. Tocilizumab therapy resulted in significant reduction in lymphadenopathy (30% reduction in the mean short axis of involved lymph nodes) for 52% of patients after 1 year of treatment. Marked improvement was also seen in biochemical measures such as CRP and fibrinogen in 64% and 71% of patients, respectively. Most patients (27, 96%) received tocilizumab for over 3 years, without evidence of disease progression.
Major reported adverse effects of tocilizumab from the previous study included upper respiratory tract infections 
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Chan et al (57%), pruritus (21%), malaise (21%), pharyngitis (18%), and diarrhea (18%). Fourteen patients (50%) experienced infusion reactions, though all were transient and mild. Two patients required admission for cellulitis, but no other serious infections were noted. Two small case series of tocilizumab in MCD have also been published, with a total of five patients achieving 100% response rates in follow-up ranging up to 3 years. 93, 94 Single case reports have also suggested efficacy of tocilizumab on potential associated manifestations of MCD, including cardiomyopathy, 95 autoimmune hemolytic anemia, 96 uveitis, 97 and cardiac amyloidosis, 98 though these findings require confirmation. However, when used in two patients with HIVand HHV-8-associated MCD, the response to tocilizumab was very short-lived, implying that IL-6 receptor blockade alone may be inadequate in this subpopulation, and that further studies in this subpopulation are clearly required. 99 
Anakinra
Anakinra, a recombinant interleukin-1 (IL-1) receptor antagonist, has theoretical benefit in MCD based on the ability of IL-1 to stimulate IL-6 production and the use of both IL-1 and IL-6 antagonists in the treatment of inflammatory disorders such as rheumatoid arthritis. Use of anakinra in MCD remains anecdotal and confined to two case reports, though both patients did achieve dramatic clinical and biochemical responses.
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Long-term outcome
The prognosis of CD is variable and depends predominantly on disease subtype. As previously mentioned, patients with UCD enjoy excellent long-term outcomes if complete resection can be achieved, with 10-year overall survival rates greater than 95%. 33 Even in unresectable UCD cases, radiotherapy may offer good long-term response rates (82% overall survival at 20 months), though supporting data is limited. The HIV-and HHV-8-associated subtype of MCD has the worst prognosis, with the majority of patients in early studies dying within 2 years of diagnosis. 7, 44, 102 Introduction of rituximab appears to have ameliorated these outcomes somewhat, with 2-year overall survival in rituximab-treated cases improving to 94% in a larger case series. 6 Finally, although there is a paucity of survival data for the idiopathic MCD cohort prior to anti-IL-6 therapy, a systematic literature review identified a 3-year disease-free survival rate of 45.7% in HIV-negative patients (though HHV-8 status is unknown). 4 The high rates of durable response seen in the early siltuximab and tocilizumab studies provide considerable promise for idiopathic MCD patients, though larger studies are needed to confirm these findings. 
Conclusion and future directions
In the 60 years since Castleman's initial report, substantial advances have been made in terms of characterizing the pathophysiology of CD, defining distinct clinicopathological subtypes and developing more effective, targeted treatment strategies. However, in some respects, these revelations raise more questions than answers -particularly in MCD, where much is known about the pathophysiology of HIV-and HHV-8-associated cases, but treatment options remain limited. Conversely, the emerging use of biologic therapies (including monoclonal antibodies targeting the IL-6 pathway) has great potential in treating HIV-and HHV-8-negative cases, but the underlying disease mechanisms in this subgroup are still poorly understood. Given the rarity and heterogeneity of CD, a high index of clinical suspicion, consistent case definition, and international collaboration -through organizations like the Castleman Disease Collaborative Network 103 -will be integral factors in facilitating ongoing discoveries for this fascinating disease, hopefully translating into continued improvements in patient care and more favorable survival outcomes.
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